It is not economically viable to allocate a dedicated spectrum band to wireless sensor networks (WSNs). Moreover, sharing a spectrum band with incumbent (primary) system compromises the reliability and performance of both the systems due to interference from one system to another. In this article, we address this limitation by proposing a two-phase orthogonal spectrum sharing protocol for a WSN which exploits multiple sensor nodes to effectively cancel out the interference from a WSN to the primary system, and vice versa. As a consequence, it is possible to achieve spectrum access for the WSN without compromising on the performance of either systems. Performance of WSN as well as the primary system is quantified in terms of average received signal to noise ratio. We then validate the efficiency of the proposed scheme through analytical and simulation results.
Introduction
Recently, wireless sensor networks (WSNs) [1] [2] [3] [4] [5] are being increasingly deployed all over the world at an accelerated pace. This has been made practically feasible by significant advances in microelectro-mechanical systems (MEMS) technology, radio communications and digital electronics [2] . A typical WSN consists of spatially distributed sensor nodes deployed in an ad hoc manner which collects data and pass on to a central base station (CBS) via a radio link. The CBS can be a PC, data server, dedicated monitoring device, or any other gateway to a higher data rate device. WSNs are used for various applications including military surveillance, habitat monitoring, object tracking, traffic monitoring, etc.
Most of the sensor nodes are autonomous and send data over the radio link only when required. Furthermore, there is an increasing trend of deploying WSN in urban areas as part of the infrastructure to support smart building initiatives and power meter readings for smart grids, to name a few. However, radio spectrum in urban areas are generally extremely crowded as evident from the National Telecommunications and Information Administrations (NTIA) frequency allocation chart 1 and thus it is not possible nor economically viable to allocate a dedicated radio spectrum band to a WSN. Factors such as the above have spurred the demand for alternative spectrum access techniques for WSNs [6, 7] . This demand has been further compounded by the inefficient usage of the licensed bands by the incumbent (primary) systems [8] . Researchers over the years have proposed dynamic spectrum access (DSA) techniques to utilize the spectrum more efficiently by allowing a secondary system (for example a WSN) to co-exist in the same frequency band as a primary system and opportunistically access the licensed bands [9] [10] [11] . But most of this techniques are interference limited, and the performance of the systems are limited by the amount of interference acceptable from one system to another [12] [13] [14] [15] [16] .
In this article, by taking the above factors into consideration, we propose an orthogonal spectrum sharing scheme (OSSS) which allows a WSN to gain spectrum access along with a primary system without causing any interference to one another. As a result, the performance of primary system is not limited by the interference from WSN and vice versa. In the proposed scheme, a WSN, henceforth known as secondary system, is assumed to be a single-hop network with every sensor node being able to directly communicate with every other node. Secondary transmitters (STs) are spatially distributed sensor nodes that cooperatively monitor their physical environmental conditions and send an update to their CBS, which for simplicity will be denoted as secondary receiver (SR). STs can communicate with each other in real time and the communication link between them can be formed by using a radio, infrared or an optical media depending upon the availability [2] . This inter-node communication helps in status monitoring of the STs and also avoids duplication of data at SR. Moreover, it also keeps all STs well informed of the latest information being sent to SR.
Under the proposed framework, the secondary system operates in the same frequency band as an incumbent primary system, which comprises of primary transmitter (PT) and primary receiver (PR). A higher priority is given to the primary system and the secondary system operates on a lower priority with a constraint that its operation does not affect the performance of primary system. For ease of analysis, we limit ourselves to two ST nodes, ST (1) and ST (2) and denote them as a ST cluster or simply ST wherever necessary. Do note that due to inter-node communication, ST(1) and ST(2) has access to the same sensor information that is to be sent to SR.
Cooperation techniques to enhance the performance of a communication system in terms of diversity, coverage extension, etc, have been studied extensively in literature [17] [18] [19] [20] [21] . Control signalling for practical cooperation schemes have also been proposed in [22] [23] [24] [25] [26] [27] [28] . In our proposed scheme, we presume that the primary system is an advanced system with a relaying functionality, like IEEE 802.16j [29] , and it employs a practical handshake mechanism for cooperative relaying [27] .
Consider a scenario in which the average signal to noise ratio (SNR) between PT and PR drops below a particular threshold. PT will seek cooperation from neighboring terminals to enhance its transmission performance by broadcasting a cooperative right-to-send (CRTS) message which also indicates the target average SNR, SNR T , for the primary system. PR responds to CRTS by transmitting a cooperative clear-to-send (CCTS) message. Upon overhearing CRTS and CCTS, ST decides 2 whether SNR T can be met if it serves as an amplify-and-forward (AF) relay for the primary system. If yes, ST(2) responds by sending a cooperative clear-tohelp (CCTH) message to PT and PR, and the primary system correspondingly switches to a two-phase AF relaying transmission mode, with ST(1) acting as the primary relay. However, if ST is not able to assist the primary system to achieve SNR T , it will simply remain silent.
Once ST is confirmed as a relay, secondary spectrum access is achieved by adopting the following two-phase transmission protocol. The system models for the 1st and 2nd phase are shown in Figures 1 and 2 , respectively. In the 1st phase, the primary signal transmitted by PT to PR is overheard by ST(1) and SR. Simultaneously in the
ST(2) same phase, ST(2) transmits the secondary signal which is received by SR as well as PR. At ST(1), the primary signal received in the 1st phase is amplified according to its power constraint. The 2nd phase of the proposed scheme is similar to a space time block code (STBC) design [30] . ST(1) and ST(2) transmit the negative complex conjugate of the amplified primary signal and complex conjugate of the secondary signal, respectively. At PR, the received signals after the twophase transmission are multiplied by an orthogonalization vector to cancel out the interference due to secondary signal and retrieve the primary signal. The secondary signal is retrieved at SR in the same way.
The most important attribute of the proposed scheme is that it is not interference-limited because of the orthogonality between the received primary and secondary signals. As a result, the performance of primary (secondary) system is not limited by the interference from secondary (primary) system. As shown later in this article, the secondary user is able to achieve spectrum access as long as it is willing to increase its transmit power such that SNR T is met. This ability to trade-off transmit power with spectrum access opportunity is an attractive feature for WSNs as it allows the sensor nodes to maintain its Quality of Service (QoS), such as delay constraints. Another point to note is that although the proposed scheme has been illustrated by using WSN as a secondary system, the obtained analytical and performance results are also applicable to any radio (secondary user) that is interested in accessing the licensed spectrum as long as it does not compromise the performance of licensee 3 . As a basic requirement for the proposed scheme, we assume that the primary system supports STBC [31] and the necessary channel state information (CSI) needed at the receiving terminals can be obtained through standard pilot symbol-aided channel estimation methods [32] [33] [34] . We analyze the above proposed scheme, henceforth called as orthogonal spectrum sharing scheme (OSSS), by deriving the closed-form expressions for average SNR of the primary system. For comparison, we also consider an interference limited scheme where ST uses AF with superposition coding (AF-SC) [35] . We show that for the same SNR T requested by the primary system, OSSS can achieve a much higher performance for the secondary system than AF-SC.
The remainder of this article is organized as follows. Section 2 discusses the system model for OSSS and gives the general protocol description. Sections 3 and 4 present the analysis for OSSS and AF-SC schemes, respectively. Section 5 provides the simulation results. Finally, Section 6 concludes the article. 
System model and protocol description

System model
The system model under consideration for the 1st and 2nd transmission phase is shown in Figures 1 and 2 , respectively. The channel between all the links, i.e., PT-PR, PT-ST (1) 
We denote the transmit power at PT and ST as P p and P s , respectively.
Protocol description
In the situation where only the primary system is operating, i.e., there is no spectrum sharing, the average received SNR between PT and PR is given by
where s 2 is the variance of additive white Gaussian noise (AWGN) at PR. The following steps illustrate the control signalling involved.
(1) PT obtains SNR d from PR through conventional channel quality feedback mechanism [36] and checks whether SNR d < SNR T . If yes, go to step 2. Otherwise continue with the ongoing transmission. (2) PT checks whether a retransmission of the same signal as part of an ARQ protocol will assist in achieving SNR T , i.e.,
where SNR MRC = 2P p d ν 1 σ 2 is the average received SNR for the primary system after the retransmission with maximum ratio combining (MRC) at PR. If yes, PT proceeds with ARQ protocol. Otherwise, go to step 3.
(3) PT transmits CRTS which indicates SNR T required by the primary system and PR responds by sending CCTS. (4) Upon overhearing CRTS and CCTS from PT and PR, respectively, ST will decide whether it is able to assist the primary system in achieving SNR T by calculating SNR p , which is the achievable average received SNR of the primary system with OSSS. If SNR p ≥ SNR T , then ST(2) will broadcast CCTH, and the primary system correspondingly switches to the two-phase OSSS protocol. Otherwise, ST will simply remain silent.
Average received SNR for OSSS
Average received SNR of primary system with OSSS 1) Phase 1: In the 1st transmission phase, as shown in Figure 1 , the primary signal x p is transmitted by PT and secondary signal x s is transmitted by ST(2) simultaneously. Denoting the signals received by PR, SR and ST(1) as y (1) pr , y (1) sr and y st , respectively, we have,
Here n 1j ∼ CN (0, σ 2 ), j = 1, 2, 3 is the AWGN at the respective receivers in the 1st transmission phase.
2) Phase 2: Let z (1) s and z (2) s be the transmitted signals from ST(1) and ST(2) during the 2 nd phase, respectively. The transmitted signal vector in the 2nd phase from ST can then be written as
where
. The signal received at PR in the 2nd phase is thus,
where h p = [h 3 h 4 ] and n 21 ∼ CN (0, σ 2 ) is the AWGN. Taking the complex conjugate of (7) at PR we obtain,
where n 3 = gh * 3 n 13 − n * 21 . Thus, the signal at PR after the two-phase transmission can be written as
where y p = y
pr y (2) * pr
T and
Multiplying the orthogonalization vector
It is clear that the secondary signal x s has been completely removed. Thus, the signal received at PR experiences no interference from the secondary transmission. The channel estimate h 4 required at PR for the orthogonalization vector w p can be obtained from the pilot-aided channel estimation procedures detailed later in Sect. III.C. The instantaneous received SNR at PR after the two-phase transmission is given by
The average received SNR at PR for the primary transmission can be derived as
Please refer to Appendix A for the derivation.
Bohara
Average received SNR of secondary system with OSSS 1) Phase 1: In the 1st transmission phase, the signal received at SR is y (1) sr which is given in (4).
2) Phase 2:
The signal received at SR in the 2nd phase is
where h s = h 5 h 6 and n 22 ∼ CN (0, σ 2 ) is the AWGN. Substituting (6) into (14) and taking the complex conjugate, we obtain
where n 4 = gh * 5 n 13 − n * 22 . Thus, the signal at SR after the two-phase transmission can be written as
where y s = y
Multiplying y s with an orthogonalization vector w s = P p gh * 5 h 2 P p h 7 , we obtain,
It is clear from (18) that the primary signal x p has been completely removed. Therefore, SR does not experience any interference from the primary transmission. The channel estimate h 7 and h * 5 h 2 required at SR for the orthogonalization vector w s can be obtained from the pilot-aided channel estimation procedures detailed in Sect. III.C. The instantaneous received SNR at SR after the two-phase transmission can be obtained as
The average received SNR at SR, SNR s is intractable and we will analyze it numerically.
Channel estimation and other requirements
For the various transmitting and receiving terminals in OSSS, we assume that channel estimation can be done through the pilot symbols in the control frames (CRTS, CCTS, and CCTH) and data frames originating from PT and ST. With the help of pilot symbols in the CRTS frame, SR is able to estimate h 7 . Similarly, h 4 can be obtained by PR by making use of the pilot symbols in CCTH. The product channel for PT-ST(1)-SR (the relay channel from PT to SR), i.e., h 2 h * 5 can be estimated at SR in the 2nd phase from PT's pilot symbols since ST (1) is an AF relay [34] . The multiplication of the orthogonalization vector at PR is similar to STBC decoding and thus we presume that the primary system supports STBC. Moreover, the flag indicating the switch from conventional decoding to STBC decoding at PR can be incorporated in CCTH.
Average received SNR for AF with superposition coding
In this section we discuss and derive the average SNR for AF-SC protocol. The control signalling involved is exactly the same as OSSS which is given in Section IIB.
Average received SNR of primary system with AF-SC 1) Phase 1: The system model for the 1st transmission phase of AF-SC is shown in Figure 3 . In this phase, both ST(1) and ST (2) 
where s st = [s (2) st s (8) 
As a result, selection diversity is achieved at ST in the 1st phase. After performing selection, ST normalizes the received primary signal based on its power constraint and further amplifies it with the power allocation factor a where 0 ≤ a ≤ 1. The remaining power (1 -a) is assigned to the secondary signal. Thus, the signal vector regenerated from ST can be written as v st = Vx af (24) where
is the transmit vector from ST, and v
are the signals from ST(1) and ST(2), respectively,
x s T and the power normalization factor is given by κ = Ps (P p γ τ opt + σ 2 ) .
2) Phase 2:
The system model for the 2nd transmission phase of AF-SC is the same as OSSS as shown in Figure 2 . In this phase, the signal received by PR is given by
where h af = h 3 h 4 and η 21 ∼ CN (0, σ 2 ) is the AWGN. After substituting (24) in (26) 
pr also contains interference from the secondary signal. This interference limits the achievable performance of primary system in AF-SC. The signals s (1) pr and s (2) pr are then combined at PR using MRC for decoding of x p . The SNR after MRC is given by
The average received SNR at PR, PR, SNR AF−SC p for AF-SC is intractable and we will analyze it numerically.
Average received SNR of secondary system with AF-SC 1) Phase 1: The signal received at SR in the 1st transmission phase is given by
where η 13 ∼ CN (0, σ 2 ) is the AWGN. At SR, an estimate of x p is obtained using (29) as
2) Phase 2: The signal received at SR in the 2nd transmission phase is
where h s af = h 5 h 6 . and η 22 ∼ CN (0, σ 2 ) is the AWGN. Substituting (24) in (31) we obtain
The estimate x p in (30) is used to cancel out the interference component ( P p ακh τ opt h 5 )x p from s (2) sr , to obtain
The channel estimate h τ opt h 5 and h τ opt required at SR for interference cancellation can be obtained through pilot-aided channel estimation procedures detailed in Sect. III.C and [35] . Therefore, the SNR at SR can be obtained as
The average received SNR at SR, SNR AF−SC s is intractable and we will analyze it numerically.
Simulation results and discussion
For ease of exposition, PT, SR, ST and PR are assumed to be collinear and the distance between ST(1) and ST (2) is assumed to be much smaller than the distance between the other system nodes, thus
The position of PT, SR, ST and PR are fixed to (0, 0), (0.25,0), (0.5,0) and (1,0), respectively, as shown in Figure 4 . The path loss component is chosen to be ν = 4. Thus all the radio links between PT, PR, ST and SR can be characterized by their respective positions on the straight line. Figure 5 shows the average SNR performance of primary system for OSSS, SNR p with respect to
The corresponding plot for secondary system, SNR s , is shown in Figure 6 . For comparison purposes, we have also plotted the results for SNR MRC which is the average received SNR of primary system for direct transmission with ARQ. SNR MRC will be a useful benchmark for comparison as SNR MRC shows the performance of primary system with retransmission in the absence of any secondary system. Good agreement between the simulation and theoretical results for SNR p and SNR MRC in Figure 5 validates the analytical results obtained in this article.
From Figures 5 and 6 , it can be observed that the performance of primary as well as secondary system for OSSS improves with an increase in P s σ 2 for a given value of P p σ 2 . This proves that the secondary transmission does not interfere with the primary transmission; in fact it contributes to the performance of the primary transmission. Moreover, it also shows that an increase in secondary transmission power P s benefits both the primary as well as secondary systems. Another observation that can be made from Figure 5 is that when the primary system is interested in improving its QoS (e.g., SNR T > 13dB at
, it can always request the help of ST to improve its QoS while at the same time allowing spectrum access by the secondary system. QoS improvement of up to 8dB can be achieved by the primary system in the case of OSSS with respect to SNR MRC at P s σ 2 = 40dB for both P p σ 2 = 10dB and P p σ 2 = 20dB. From Figure 5 , we can also conclude that if QoS requirement for the primary system is set too high (e.g., SNR T > 22dB at P p σ 2 = 10dB), SNR p < SNR T and secondary spectrum access is not possible. This limitation is due to the noise amplification at ST(1) in the AF relaying. Thus when SNR T requirement is reasonable, secondary system is always able to achieve spectrum access as long as it is willing to increase its transmit power such that SNR T is met. for AF-SC at a = 0.5 and a = 0.9. From the two figures it can be easily deduced that there is a trade-off between the performance of primary and secondary systems, and the performance of one system is limited by the interference from the other system. As we increase the value of a, the performance of primary system improves whereas the performance of secondary system deteriorates and vice versa. In AF-SC, the performance of primary system is limited by the interference from the secondary system as well as amplified noise in the 2nd phase. From Furthermore, for a = 0.9 at P p σ 2 = 10dB, AF-SC achieves the closest possible performance to OSSS for the primary system, but OSSS outperforms AF-SC by a large margin for the secondary transmission as can be observed from Figure 6 .
Conclusions
In this article, we proposed a two-phase OSSS based on cooperative amplify-and-forward relaying for a WSN (a.k.a secondary system) to achieve spectrum access along with a primary system. We showed that by using the proposed scheme, the two systems can co-exist in the same frequency band without causing any interference to one another. Moreover, when the PT-PR link is weak, WSN can be used to enhance the QoS of the primary system. We further showed that in OSSS, WSN is always able to achieve spectrum access as long as it is willing to increase its transmit power such that SNR T is met.
We analyzed the performance of OSSS by obtaining closed form expressions for the average SNR of the primary system. In order to validate its efficiency, we also analyzed an interference limited scheme (AF-SC) and compared it with OSSS. Simulation results showed that performance of OSSS is always better than AF-SC for both the primary system and WSN.
Appendix A Derivation for average SNR of primary system with OSSS From (12) and (13), we obtain where p γ 1 (γ 1 ), p γ 2 (γ 2 ) and p γ 3 (γ 3 ) are the probability density function (pdf) of g 1 , g 2 and g 3 , respectively. Additionally,
(37)
Assuming σ 2 P p ≈ 0, then (37) can be rewritten as , , , 
End notes
1 http://www.ntia.doc.gov/osmhome/allochrt.pdf. 2 It should be noted that whether ST is able to assist PT or not, is a probabilistic event due to the random fading channels. 3 However, in return for an opportunity to access the spectrum, there will be an increase in hardware complexity and cost. 4 Please note that ST(1) and ST(2) continuously update each other of the information that needs to be send to the SR. Thus, in the 1st phase, even if ST(1) receives the signal x s from ST(2), it has a priori knowledge of x s so it can be cancelled out easily from the received signal at ST(1). 5 If there is only one ST node, then AF-SC reduces to the spectrum sharing scheme proposed in [35] . 6 We may consider other choices such as
Though not given in this article, simulation results show that the Vwe used in (25) achieves the best performance among the three.
